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Summary

The performance of solar cells can be approached from the view of
optical limitations (the adsorbed solar photon) or electrical limitations (the
collected carriers). In this paper we focus on the optical behavior of a-SiH,
films and through these data define the intrinsic optical limitations on the
performance of a-SiH_ . We present proven techniques for the extraction of
the optical constants for thin films of a-SiH, on quartz over the absorption
range 107% - 10% em ™. For the range 10* - 105 em ™! we define an optical
gap Eg from a plot of («E)V'? against E for films of comparable thickness.
We show the utility of this parameter for guiding materials research and we
discuss its theoretical significance. Below E; we utilized both optical and
photoconductivity data to establish a sharp exponential edge. For a-SiH,
the edge has an activation energy that can be sample dependent and for our
films it ranges from 0.05 to 0.10. The device implications of this exponen-
tial edge are discussed.

1. Introduction

The optical properties of a material are defined by the spectral depen-
dence of its complex index of refraction: A (E) = n(E) + ik (E). From #(E)
we can obtain € (£) through the relation 7 * = ¢ . The imaginary part of ¢ =
€q + iey describes the fundamental optical excitations of the material.

For a complete description of the elementary excitations, information
on € (E) is required over a wide range of photon energy E. This is usually
accomplished for bulk samples through the Kramers—Kronig analysis of
reflectivity data since transmission measurements are restricted to relatively
narrow ranges in E because of the high optical absorption. For thin film
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samples, optical transmission can cover a broad energy range but, in highly
absorbing material, reflectivity measurements cover a wider spectral range,

For a semiconductor the spectral region of major interest is that in the
vicinity of the absorption edge since it supplies information on the optical
gap E; as well as on the density of states within the gap. For semiconductors
that can be prepared in thin film form, transmission, absorption and reflec-
tion measurements can be appropriate tools to obtain € () over the energy
region within several volts of the absorption edge.

A fundamental assumption of thin [ilm measurements is that films pre-
pared under identical preparation conditions exhibit an ¢ (E) that is indepen-
dent of the film thickness D). Thus surface ahsorption or scattering must be
small with respect to volume contributions. This assumption is hard to verify
but is no more serious than that associated with reflectivity measurements
where the surface of a material is assumed to be identical with the bulk.

In addition to characterizing the semiconductor near ils absorption
edge, 11(F) determines the optical absorption of any electro-optic device and
defines the optical limitations on device performance.

In this paper we first present a variety of optical techniques that we
found useful in measuring ri (&) (hence ¢ (£)) in the vicinity of the absorp-
tion edge of thin semiconducting films. We focus on films of amorphous
silicon hydride (a-S8iH ) with thicknesses from 300 A Lo 5 um.

QOur films were obtained for the most part by the r.f. glow discharge
decomposition of SiH, ontc anodic substrates held at elevated temperatures
[1]. We also report some data on films of a-8iH, prepared by reactive sput-
tering [2]. Many of the data were obtained for films with the composition
SiH, ,; where the substrate temperature is 240 °C. Hydrogen concentrations
were determined by the '»N-1H interaction [3]. Film fabrication and physi-
cal characterization will be described elsewhere [1]. Some of the optical
data, and their theoretical interpretation, have been published in a previous
paper [4].

Finally we use the optical constants for a-SiH, to simulate the optical
absorption of realistic Schottky diodes through an exact thin film optical
program, We thus define the fundamental optical limitations of the simple
solar devices with respect Lo the direct air mass one (AM1) solar spectrum.

2. Thin film optics

The determination of /i{E) for a thin filn material requires two of the
three possible measurements: transmission, reflection and absorption. It is
facilitated by a fourth measurement: the direct measurement of the film
thickness D, There are many routes to the extraction of #(¥) from such
measurements, We present an approach that has worked well for a-5iH, films
on quartz substrates in the thickness range from 300 A to 5 um in the photon
energy range 1.3 - 4.0 eV.

The optics are defined by the schematic diagram shown in Fig. 1(a).
Normal incidence is assumed throughout this paper. In Fig. 1(a) a film of
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(a) (b)

Fig. 1. (a) Optical configuration corresponding to eqn. (1} - eqn. (4); (b) optical configu-
ration corresponding to eqn. (18) and egn. (19).

thickness I} and refractive index 7 (5 = # ) is confined between two infinite
half-spaces of real index 7z, (n; = 1) and nj (for quartz nz = 1.5). The inci-
dent wave is directed toward the film from medium 1 and we define a reflec-
tion coefficient R, a transmission coefficient T, and an absorption coeffi-
cient Ay. By conservation of energy

AF+RF+TF=1

It is a simple matter to show that

T = g (1)
g
Rp =17 (2)
where
T =1 exp (iQ) 152 (3)
Fo=Fp + Ty exp(iQ)F pexp(iQ) T, Z (4)

Equations (1) and (2) are derived from time averaging the Poynting vector.
Equations (3) and (4) can be obtained almost by inspection by considering
the passage of a ray through the film. The quantity @ given by
~  21A.D
G- (5)

accounts for the complex phase shift on one transit of the film. The quantity
Z given hy
Z = {1 =¥y exp(iQ) Fy5 exp(iQ)} (6)

takes into account multiple reflections within the film. The coefficients ¥ ;;
and 7, are the reflection and transmission coefficients for the magnetic
vector and are defined by

_ 0

(7)

i + 1
We next calculate egn. (1) and egn. (2) under various limiting condi-
tions.
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2.1. Low absorption regime (¥ <« B ) with a coheren! source

Here n > « and n = ny, 1. If A) is the spectral width of the source at
wavelength A, then Ax#nD/A? <€ 1. We define Ry'/2 = ry; and R, = r,,
where the reflection and transmission coefficients are real. We define « =
4wk /2. When the phase condition

exp(2iQ) = (+) exp(—aD) (8)

is met, we obtain under the above conditions T).(MNA&) and Ry (M%) where

(1 —=Ro1—R;)exp (“"UID)

MAXY = 9
Telwin) = 1+ (RoB)V exp(—aD);? ™)
and
[RV% 7 R Y2 oxp(—aD)}
Rl = — ST 5 (10)
{1+ (RoR,) " exp(—aD)}
Whenall =0

T (MiN9) + Ry (i) = 1

and TF("{}’I\m occurs when 4rnD/ is an (5% 5 ) multiple of . The film absorp-
tion is given by

Ar(MiNY = 1 — Te(UN) — Rr (R (11)
ForeD <1

. (1 —Ro{1+Ry)
Ac(MAX) = 4D . (12
FIMIN ) {1 T (RORI)MZ}'— )
Finally the geometric mean or logarithmic average of R.(Miy) is
. Ry — R, exp(—2aD)
Ro(MIN)R,(MAX)V2 = 2 1 Pl ) (13)
1 — RyR{ exp(—2aD)
a form which is more linear in exp(—2a£3) than eqn. (10) is for low values of
ROR] .

2.2. Low absorption regime with an incoherent source (AxsnD/A° 2 1)

As for the case discussed in Section 2.1, n ¥ «, h > ng, ny and the
fringes are cancelled to give the incoherent result
(1 — R {1 — Ry)exp(—al)

Te(l) = 14
r(1) 1 — RoR, exp(—2aD) {4

1—R,)2R, exp(—20D
Re(l) = By + ( o) R4 exp( ) (15)
1— RyR, exp(—2aD)

and, foraD € 1,

1—Ry(1+R
Ap(D) = oD ( o) 1) (16)
1—ROR1
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It is interesting to note that Tx(I) = {Te(MAX)Tz(MIN)}% and A (1) =
{A{(MAX)A(MIN)}/2, If transmission and absorption are plotted on loga-
rithmic scales, adjacent fringes can be averaged to produce the incoherent
forms eqgns. (14) and (16) which are relatively insensitive to Ry and R, in the
denominator compared with eqns. (10) and (12). This technique of “averag-
ing” adjacent fringes has computational as well as noise reduction advan-
tages.

2.3. High absorption regime
Here n = « and eD < 1. Under these circumstances eqn. (1) simplifies

to
~ ~ exp(—alD
sz ‘t12|2|t23|2 _p(—__'_) (17)
ng
and eqn. (2) to
Ry =17y, (18)

2.4. Substrate optics

Before we proceed to the utilization of these formulae we have to
include the substrate in the transmission and reflection, The large thickness
of the substrate implies the incoherent limit and we simply modify eqns.
(13) and (14) to correspond to the situation shown in Fig. 1(b). We identify
1 — R, with the transmitted power Tp. We introduce the very small reflec-
tion coefficient R3 at the substrate—air interface. Thus we write

1—R3

Ty=CTp= — 3 19
M F 1—R, R, F (19)
T.2R
Ry=Rpy+ ———*%_ (20)
1'—'R1 R3

where R’ is the reflectivity of the substrate-film interface (R’ = | ¥ 45 %).
For low index substrates such as quartz or glass the quantity C = 0.97, and in
the low transmission region where we utilize the reflectivity Ry = R

2.5. Summary of thin film optics
We now summarize the equations that we have found most useful.
A+ R+ Tp +1 (21)
Tan(MN) = CTr (M
_ C(1 —Ry)(1—Ry)exp{—uD)
{17 (RoR1)'® exp(—eD)}?

when n > k, n > ng, n; and the light source is coherent (AA7nD/A2% < 1). In
eqn. (9a)

(92)



C=0.97 ny ~ 15 n=4

n; + ?’1_,‘
The maxima satisfy 4an(AN)D/\ = 2Ln where L = 0, 1, 2,.... The minima
satisfy the same condition where L = 1/2, 372, 5/2, .. ..

Ap(MiN) + Reliak) + Tr(fy) =1 (11)

(1 —Ro)1+R,)

ApMaXy= 4D i2
I(MIN) {li(RORI)llz}z ( )
when oD <€ 1.
[T(MAX)Ty(MINY 2 = CT () (14a)
1—R)(1—R xp(—al
To(1) = ( 1) o) exp(—al) (14)
1 _RoR] exp('—ZQD)
{Ar(MAX)AF(MIN)}2 = A (1)
1—Ry)(1+R
oD ( o) 1) (16)
1 _"R()Rl
when oD <€ 1.
- _ . exp(—alD
T1\4=C|f12|2|t23[2 —B‘(—"——) (19)
fg
Ry = 17,1% (20)
when oD » 1 and where
- ﬁ,‘ _ﬁj
Py = /=
n; +”"
?ij = 1 - F]-j

These equations can be used with independent measurements of
D to determine 2 and « (and hence € ) over a range of several volts around
the absorption edge.

3. Experimental thin film optics

3.1. Transmission measurements
We utilized a Carey 17 spectrometer in the range 2.5 - 0.3 um for films
of a-8iH, 0.03 - 5 um thick. In the low absorption domain nD was derived
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Fig. 2. The negative common logarithm of the transmission minimum in the fringe regime
as a function of the film refractive index ny and the substrate refractive index ng corre-
sponding to egn. (9): O, ng = 1.4;® n,=1.5;4 n, = 1.6.

from adjacent fringe pairs and was corrected to integer or half-integer multi-
ples of 27. This measurement, combined with D), gave avalue of n at A =
2.5 pm. We also utilized Ty (MIN) (eqn. (9)) to infer the value, since as
shown in Fig. 2 it is sensitive to the film index but not particularly sensitive
to the substrate index, Conversely Ty(MAX} can be used to infer the sub-
strate index (eqn. (9)).

The transmission of the film is only weakly dependent on the quantity
n in the highly absorbing region (eqn. (19)} and we iterated reflectivity
measurements (egn. (18)) in this regime to obtain data on r and «.

Finally, as discussed in Section 4, we were very successful in extending
the transmission data to the region where oD ~ 0.05 - 0.5 by utilizing the
logarithmic average of adjacent fringes in transmission through eqn. (14).

3.2. Reflectivity measurements

Reflectivity measurements at normal incidence are difficult to accom-
plish on a Carey spectrometer. Qur reflectivity attachment had an angle of
incidence close to 20° and we did not control the polarization. We were able
to compensate for these errors by referring the reflectivity of the amorphous
silicon (a-Si) specimen to that of a standard calibrated at the Bureau of
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Fig. 3. Error introduced in deriving the reflectivity of a-Si at normal incidence from the
normal reflectivity of erystalline silicon and from reflectivity ratios taken at an incidence
angle of about 20° for three polarization states: perpendicular, parallel and unpolarized.

Standards at near normal incidence. We plot in Fig, 3 the error between the
calculated normal incidence reflectivity of a-SiH, and the normal incidence
reflectivity inferred from the ratio of the film signal to that of the standard.
As can be seen from Fig. 3, the error is smail and insensitive to polarization
except where fringes start to appear. The success of this technique depends
on the similarity between the refractive indices of crystalline silicon and
a-SiH,.

3.3. Photoconductivity measurements

A convenient method for obtaining o2 at very low values is photocon-
ductivity. In order to avoid ambiguities due to variable response times we
used d.c. measurements. The photocurrent is given by

I,. = constant(FaD)? (22)

where F is the incident light flux and v is a measure of the recombination
kinetics [5]. For r.f. anodic films at substrate temperatures of 240 "C
(a-8iH,q6), ¥ = 0.7 and is independent of energy in the energy domain 1.3 -
1.7 eV where we utilized the photoconductivity to derive oD. We reduced
fringes by opening up the slit width of the monochromator. In an earlier
publication, low energy data were obscured by the incomplete shielding of
higher order diffraction from the monochromator [4].

3.4. Low aD transmission measurements

Figure 4 shows the magnitude of —log,, Ty at the position of fringe
minima and maxima. The full curve is the arithmetic average of the extrema
but includes the wavelength dependence of the baseline as well. Apart from
this, the full curve should be given by eqgn. (14) and can be solved for
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Fig. 4. Extrema of the logarithm of the fringe minima and maxima and their arithmetic
average for sample 790402-1 (4.9 um thick): ®, AN © Apgax

Fig. 5. Effect of increases in the extinction coelficient & on the arithmetic average of the
logarithm of the transmission minima and maxima (the quantity A is the difference
between eqn. (14a) and egn. (14b) which is represented as a straight line): ® sample
790330 (4.29 um thick); ©, sample 790402-1 (4.90 um thick).

exp(—2al?) in the weakly absorbing limit. We chose to subtract egn. (14)
with e =0, i.e
(1 —R;)(1 —Ry)

T’ (D) = =1—Rz°(1I 14b
¢ (1) RE e () (14b)

from —logo{ Tam(MAX)Tm(MIN)}H/2, This subtraction is shown for two films
in Fig. 5. The derived {(aI))/D for these films is compared with the photocon-
ductivity data and Ty through eqn. (19) in Figs. 6 and 7. The photocon-
ductivity has been vertically shifted, but we believe that the correspondence
in activation energy supports the identification of the photcconductivity
with optical absorption. In Fig. 7 we note that the optical data saturate. We
associated this with a residual scattering loss.

Although the logarithmic average of adjacent fringes is computationally
convenient through eqn. (14), it also eliminates some random error induced
by noise in Carey traces. With r.f. glow discharge films prepared on anodic
substrates at 240 °C, the data shown in Fig. & are the data that are usually
observed. Figure 7 is exceptional.

4. Optical characterization of a-SiH,,

4.1. Anodic films prepared by r.f. glow on substrates held at 240 °C
(a-SiHg ;4)

In Fig. 8 data on n are presented. The full circles are derived from the
analysis described by Fig, 2, and the open circles from iteration of reflectivity
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Fig. 6. The derived a (= (@D}/D) for sample 790402-1 (4.90 um thick) (one of the films
shown in Fig. 5) utilizing eqn. (14a) and eqn. {14h): & T;®, (T}; O, photoconduclivity.

Fig. 7. The derived & (= (DY D) for sample 790330 (4.29 um thick) (the other film
shown in Fig. 5) utilizing eqn. (14a) and eqn. {14b): ® {T}; ©, photoconductivity.

and transmission measurements. Figure 9 shows the absorption constant «
determined by photoconductivity and optical absorption. In Fig. 10 cur data
are compared with the data of other researchers on films prepared in a similar
manner. The a-8i curve is from measurements on an evaporated film by
Pierce and Spicer [6]. The pronounced low energy tail presumably corre-
sponds to optically active defects. The tails shown for the measurements of
Zanzucchi et al. [ 7} and Tsai and Fritzsche [8] are probably residual scatter-
ing losses. The data of Knights [2] cover a smaller energy range than our cwn
but can be associated with a similar exponential absorption.

In Fig. 10 the exponential character of the optical absorption edge on
a-8iHg ;¢ is emphasized. There is a remarkable similarity between its optical
absorption and that of a variety of amorphous glasses as can be seen from a
comparison with amorphous arsenic sulfide (a-As,S3) [10] in Fig. 10.
a-Sil,,, of course, exhibits optimal electronic properties that permit doping
and has many of the “classical” semiconducting features that previous amor-
phous semiconductors lacked.

In Fig. 11 we show composite data derived from all films for the
straight-line plot of («E)'/? against photon energy. The plot has many fea-
tures of the more fundamental plot of (e,E2%)!/? which was first introduced
by Tauc et ¢l. [11]. The slope and intercept have a fundamental significance
in terms of the optical matrix element and an optical gap Eg. The curvature
at low and high energies establishes a correlation with film thickness. In
measuring changes in E; with external parameters (preparation or composi-
tion variables) it is important to compare films of the same thickness.
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Fig. 8. The real part of 4 as a function of photon energy E for a-SiH, 1¢: ®, analysis
based on Fig. 2; 0, iteration of the reflectivity and transmission (eqns. (12) and ( 20)).

Fig. 9. Absorption coefficient for a-8iHg 14 (r.f. glow discharge) derived from optiecal
absorption (£) and photoconduetivity (©).
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Fig. 10. The data of Fig. 9 compared with the absorplion coefficient for evaporated a-Si,
as well as r.[. glow discharge films of a-SiH, prepared under similar conditions as our
own data (the absorption constant for 2 high quality glass {a-As83) is shown for com-
parison): O, ref. 9; 0, ref. 7; &, ref. 8.

Fig. 11. The data of Fig. 10 plotled in the form suggested by Tauc et al. for optical tran-
sitions where momentum is not conserved. This plot is for a variety of films and defines
an energy gap E¢ as well as a slope.
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4.2. The optlical gap of a-Sifl,

Figure 12 shows a typical straight-line plot of («£)"'* against energy for
a .72 um film. These plots are a convenient way of characterizing the mate-
rial in terms of an optical gap F;, and have a fundamental basis {4]. They are
one way ol characterizing the material as illustrated in Fig. 13 where E; is
shown as a function of hydrogen concentration for films made in our lubora-
tory (each point represents many films) and similar r.f. films prepared else-
where [8]. A chemically vapor-deposited film with very small hydrogen
content [12] is also shown, as are a variety of reactively sputtered glow dis-
charge films with various hydrogen contents { 2] . In all our data the hydrogen
content has been measured by the '°N reaction by Lanford [3]. In the other
cases, hydrogen evolution has been used.

In Fig. 14 we show the pronounced correlation between the slope of
(¢ )V with inferred F;. Again this correlates with the curvature exhibited
in Fig. 11 but can be used advantageously when comparing films of
different thicknesses.

i
[ T S R S TR S B S R G| P [ I T T T TR S B
ER e b e N ]

/»T‘\)Mlﬂ PoRCLMT v iR Gi
Fig. 12. A similar plot to Fig. 11 bul for une particular film (Lthe absence of curvalure
defines F'; and slope without ambiguity for films of a comparable thickness): sample
780928-Q; D =0.72um; £g =1.74 eV;slope, §.19.

Fig. 13. £ abtained from plots similar to Fig. 12 for r.f. glow discharge samples and
reactively sputtered films, in which Eq increases with the atomic percentage of hydrogen:
®, glow discharge films (Exxon); 7, reactively sputtered films (Exxon); &, glow discharge
films [8]; %, chemically vapor-deposited film with low hydrogen concentration [12].

5. Optical characterization of devices

We assume an exponentially falling optical absorption below « = 10°
em ! forr.f. glow discharge anodic films of a-SiH ;¢ prepared on substrates
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Fig. 14. Measured gap K¢, as a function of slope for a variety of films of different thick-
nesses. The high gaps correspond to films a few hundred &ngstrisms thick and correspond
to the high energy dala of Fig. 11.

held at 240 °C. An analytic fit to o is given by (Fig. 11}
(eEY? = 7.516 (£ —1.718) E< 2178 eV (23)

(¢E)'? =10.180 (E — 1.837) E>2178eV (24)

We postulate that materials with different hydrogen concentrations have an
optical absorption that can be modeled by equations of the form of eqns.
(23) and (24) but where we shift the “energy gaps” of eqns. (23) and {24) in
a manner appropriate to the data shown in Fig. 13. We thus generate the
three curves shown in Fig. 15 which correspond to hypothetical films of
a-SiHg g (1.62 eV) and a-SiH 55 (1.82 eV) as well as the measured data on
a-SiHg 5 (1.72 eV).

We initially considered an idealized Schottky barrier device consisting
of a substrate of either nickel [13] or aluminum [14], a layer of a-SiHll, of
thickness D with arbitrary hydrogen concentration and-a metallic contact of
50 A of palladium. (Qur transmission measurements are in good agreement
with the palladium data of Johnson and Christy [13].) We calculate at nor-
mal incidence the absorption in a distance Dy closest to the palladium. We
assume that all the light of a given wavelength that is absorbed in the distance
Dy forms electron—hole pairs that can be collected externally with 100%
efficiency. We also determine the total reflection coefficient R. For any
given ratio of D /D we form the ratio A/{1 — R) which gives the fraction of
the absorbed light at a given wavelength that is collected in the distance D
for an a-SiH, film of thickness [J with an absorption coefficient (Fig. 15)
appropriate to a given energy gap and hydrogen concentration (Fig. 13).

Figure 16 gives the results for A/(1 — E) for a constant D and variable
D for a-SiHg 6 (Eg = 1.72 V) on a nickel substrate. Figure 17 gives the
results for an aluminum substrate where the ratio D/} is unity, again for
a-SiHg 15 (Eg = 1.72 V). The ripples in the curve arise from interference
fringes. In both Figs. 16 and 17 the curves saturate in the blue to 0.87,
corresponding to 0.13 absorption in the 50 A of palladium. We note that, if
we compare the two curves for 0.25/0.25, there is an improvement in absorp-
tion at long wavelengths produced by the higher reflectivity aluminum sub-
strate.
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Fig. 16. Calculated fractional absorption in the region closest to the palladium contact
for a material with an absorption coefficient corresponding to the middle curve in Fig. 15
and an index corresponding to Fig. 8.

Fig. 17. Calculated fractional absorption in the entire a-SiH, film as the film thickness is
varied on a highly reflecting substrate (aluminum rather than nickel).

If we integrate the curves shown in Figs. 16 and 17 (and also similar
curves) with the AM1 spectrum [15], we obtain the data shown in Fig. 18
where the left-hand ordinate is the maximum external current (R = 0) that
can be obtained for a-8iH, ;4 (Eg = 1.72 eV) films of varying ratios of Dy/D
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Fig. 18. Calculated maximum exiernal currents (E = Q) as a function of film thickness D
and collection width Dy, expressed as Dy./D for nickel (®) (low reflectivity) and aluminum
() substrates, The right-hand ordinate reduces this current density by a factor of 0,80 to
include losses due to a one-thickness AR coating, as well as 50 A of palladium.

Fig. 19. Calculated absorption in various thicknesses of a-SiH, with Eg = 1.72 (Fig. 15)
on a nickel substrate.

and different substrates in device configurations that have losses comparable
with 50 A of palladium.

The right-hand ordinate of Fig. 18 represents a scaling of the R = 0 data
to represent the effect of an antireflection (AR) coating of 660 A of ZrO,
[16]. (This thickness is close to but not af the maximum current point.) The
scaling is a factor of 0.82 obtained from data similar to those shown in Fig.
19 where A rather than A/(1 — R) is plotted as a function of wavelength for
the compaosition shown.

Excellent agreement with Fig. 18 is given by our own measured external
short-circuit current of 9.1 mA cm ? under AM1 for a platinum Schottky
barrier device with a 660 A ZrO, AR coating, 50 A of platinum and a 1.0 pm
film of a-SiHg 4 (Eg = 1.72 eV} [17]. (The calculated transmissions for
platinum and palladium are similar.) Electrical evidence suggested a field
region of about 3000 A for this device. It is apparent from Fig. 18 that the
assumption of a sharp absorption edge for a-SiH, severely restricts the short-
circuit current for films less than 1 um thick.

In Fig. 20 we show the significant improvements in short-circuit current
that may be obtained by reducing the energy gap of a-8iH, . Based on Fig. 20,
short-circuit currents as high as 16 mA cm™? are possible for a-SiH, material
with Eg ~ 1.52 eV (H ~ 1%). If we assume a maximum open-circuit voltage
for such material of 1.0 eV and a fill factor of 0.8, the maximum efficiency
for a-SiH, is 13%. Even allowing for a conservative 10% loss due to shading,
the efficiency should be above 10% and certainly competes with the panel
efficiencies of present devices. Again it should be emphasized that Figs. 18
and 20 include losses in 50 A of palladium (~20%).
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Fig. 20. Calculated maximum (R = 0) external short-circuit currenis for hlms 1.0 um
thick with the values shown for Eg and the value of £ where &= 10" em !, Again the
right-hand ordinate corresponds to a simple AR coating. These data correspond to a
nickel substrate. The aluminum substrate improves the currents by about 5%,

6. Conclusions

In this paper we focused on the optical properties of a-SiH,. We pre-
sented proven techniques for obtaining the fundamental optical constants
and showed their value in characterizing the material in terms of an exponential
edge and well-defined energy gap E which can be related to the hydrogen
content of the material. Finally we simulated the optical performance of
simple Schottky bartier devices and obtained the optical limitation on device
performance. Within the assumptions of this paper the maximum efficiency
for the a-Si system is obtained with a hydrogen concentration of a few per
cent and should be about 13%. Of course a major challenge is to maintain
and improve the electrical properties of the material while improving the
optical properties.
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